INTRODUCTION
Various topological objects and textures occur in superfluid 3 He-A. 1, 2, 3 The simplest of these are solitons. They are domain-wall like structures where a planar object separates two different but degenerate bulk states. Experimentally solitons are detected via extra "satellite" peaks that appear in the absorption spectrum of nuclear magnetic resonance (NMR). 4, 5 In the presence of a magnetic field the equilibrium structure of a soliton depends on the direction of the field. The structures corresponding to the magnetic field perpendicular and parallel to the soliton plane are known as "twist" and "splay" structures, correspondingly. The structure and NMR frequency of a twist soliton have been solved analytically by Maki and Kumar. 6, 7, 1 In contrast, the splay soliton was previously studied only by variational methods. 7, 8, 9, 10 In this paper we solve numerically the structure of a splay soliton. We calculate the frequency and the absorption of the principal satellite peak. In addition, we analyze absorption at higher frequencies and calculate the absorption in the principal peak of a twist soliton. The calculations depend on parameter values that are known only approximately. Comparison of the calculated frequencies with measurements allows us to check the consistency of some basic parameters of liquid 3 He.
In Sec. 2 we give a short introduction to hydrodynamic theory and NMR in 3 He-A. In Sec. 3 we calculate the structure of the splay soliton. The NMR frequency and the absorption are determined in Secs. 4 and 5.
HYDRODYNAMIC THEORY
Here we briefly present some main points of the hydrostatic theory and NMR in 3 He-A. However, we also present general results on the NMR absorption that have not been properly discussed in the existing literature.
The order parameter of superfluid 3 He-A is a 3× 3 tensor of the form 11,1
whered,m andn are unit vectors andm ⊥n. It is conventional to definê l =m×n, which gives the axis of the orbital angular momentum of a Cooper pair. The unit vectord defines the axis along which the spin of the Cooper pair vanishes. In a static magnetic field, the structure of a soliton can be determined by finding a local minimum for 1,12,13
Here f d is the dipole term
f h the magnetic anisotropy term
and f g the gradient energy density given by
The gradient energy (5) also includes the kinetic energy arising from the superfluid velocity v s = ( /2m 3 ) i m i ∇n i , where m 3 is the mass of a 3 He atom. However, in the following we limit to the case of zero superfluid velocity. 
Minimization of the total energy (2) gives for θ the equation
where the operator D is defined by
In a dynamic magnetic state one has to include the spin magnetization γS as a new variable in addition tod andl. The effective energy density has the form 18,1
where γ is the gyromagnetic ratio and ↔ χ the susceptibility tensor. This leads to the equations of motioṅ
where f = f d + f g . The motion ofl is limited by viscosity and is neglected. We parametrize thed-vector
We are interested in linear response to a rf field H rf (t) = H 1 cos ωt. Depending on the direction of the rf-field with respect to the static field (H rf ẑ or H rf ⊥ẑ) there exist two modes. For H 0 ≫ H d the modes have separate Schrödinger-type equations for ψ and ψ ⊥ :
The potentials are given by
The resonance frequencies can be found by solving the eigenvalues α ,k and α ⊥,k from Eqs. (12) and (13). The resonance frequencies are related to the eigenvalues by the relations
Here Ω 2 = γ 2 λ d /χ n is the longitudinal resonance frequency of the A phase, χ n the susceptibility in the normal state, and ω 0 = −γH 0 the Larmor frequency. The corresponding normalized eigenfunctions of Eqs. (12) and (13) are denoted by φ ,k and φ ⊥,k , respectively. In an idealized case (no dissipation) the power absorption P (ω) consists of delta peaks,
In the case of dipole locking,l(r) =d(r), the lowest "bulk" eigenvalues are α ,b = α ⊥,b = 1. In this case all the power in each mode is absorbed at a single frequency, and
where V = d 3 r is the volume. In the presence of dipole unlocking also other eigenstates contribute to the absorption. For spatially constant rf field their relative intensities are given by 9,19,1
Here the Q k 's satisfy the sum rules
y y Fig. 1 . The structure of a splay soliton. Magnetic field is perpendicular to the paper and T = T c . The darker arrow isd and the lighter one isl.
and so on, where . . . denotes a spatial average. The sum rules can be derived using the orthogonality properties of the eigenfunctions. [In Eq. (26) one also needs Eq. (7) .] The lowest order rules (22)- (24) apparently are equivalent to the sum rules presented by Leggett. 20 
EQUILIBRIUM STRUCTURE OF A SOLITON
The minimum of the dipole energy (3) can be achieved in two ways: eitherl andd are parallel or then they are antiparallel. This double degeneracy gives rise to domain walls or solitons. On one side of the walll =d and on the other sidel = −d. We assume that H 0 is in the plane of the soliton wall and H 0 ≫ H d . Such a soliton has composite splay structure, 7 see Fig. 1 . In this structure bothl andd are in the plane perpendicular to H 0 . We parametrizel =x cos η +ŷ sin η
andd as above (6) . The angles θ and η are functions of y only. We use the boundary conditions η(−∞) = θ(−∞) and η(+∞) = θ(+∞) + π. Substituting the vectors into the total energy (2) gives that the energy per unit area is
The energy functional (28) was discretized using equal intervals (y i = −L/2+ Li/N , i = 0 . . . N ) and the values of η and θ at these discrete points were taken to be the minimizing variables. The boundary conditions were taken into account by linear initial approximations η = 
PRINCIPAL NMR FREQUENCY OF A SOLITON
The main signature of solitons in the NMR spectrum comes from the lowest eigenvalue of Schrödinger-like equations (12) and (13) . This lowest frequency can be calculated using a variational formulation:
. (29) This was discretized and the values of ψ(y i ) were taken to be the minimizing variables. The initial approximation used was ψ(y) = cosh n (qy), where n = −0.314 · T c /T and q = 1.411. The boundary conditions dψ/dy = 0 were assumed at the end points. The length L was increased until its effect disappeared. In Fig. 3 we plot the temperature dependence of the lowest resonance frequencies as well as some experimental data. We have also included the analytical results for the twist soliton: 7,1
The reduced frequency shifts α (16) and α ⊥ (17) depend only on the ratios of the hydrodynamic coefficients K b , K s , K t , K 5 , and K 6 . (Note that the absolute magnitudes of K i 's and λ d define length and energy scales that do not affect α or α ⊥ .) In the weak coupling approximation the ratios of K i 's are functions of an infinite set of Fermi-liquid parameters F s j and F a j , with j = 1, 3, 5, etc. 15 Here we neglect all the coefficients with j > 1 since they are unknown. We take F s 1 from measurements by Greywall. 23 We assume the melting pressure, but the pressure dependence is weak. For example the maximum difference between the results at 2.6 and 3.4 MPa is one per cent at temperatures higher than 0.5T c . The value F a 1 = −1 was taken from Ref. 24 . In order to see the effect of F a 1 we also use F a 1 = 0. It can be seen in Fig. 3 that this shifts the resonance frequency up at temperatures below T c .
There are no quantitative calculations of strong-coupling effects in the A phase at a general temperature. In order to get some idea how strong coupling could affect the soliton frequencies, we use a "trivial strong coupling" model developed by Serene and Rainer 25 for the B phase. In this model the weak coupling energy gap is multiplied by a factor that depends on the temperature and on the jump of the specific heat ∆C B /C n at T = T c . We adapt this model to the A phase by substituting of ∆C B /C n . We take ∆C A /C n from measurements by Greywall. 23 Even if this seems to be a plausible simple way to correct the weak coupling results, the best fit with experiments is obtained by using the bare weak coupling values. It can be seen in Fig. 3 that the gap enhancement, which affects only intermediate temperatures, has a smaller effect than the change of F a 1 . At T c the reduced frequencies α and α ⊥ are independent of any param-eters appearing in the weak-coupling model, including also the gap enhancement. This is a consequence of the Ginzburg-Landau expansion that gives to the parameters K i the ratios K b : K s : K t : K 5 : K 6 = γ : 1 : 1 : 2 : (γ + 1). The only free parameter here is γ, which is fixed in the weak coupling (with or without gap enhancement) to the value γ = 3. This degeneracy is broken only when nontrivial strong-coupling corrections are included. The weak coupling plus model by Serene and Rainer 26 gives an estimate γ ≈ 3.12. Fig. 3 shows the reduced frequencies corresponding to γ = 2 and γ = 4. We see that the splay-soliton frequencies change less than 3% but for the twist soliton the effect is ten times larger.
There is rather good agreement between the experiment and the theory corresponding to weak coupling and F a 1 = −1. In particular, the longitudinal twist data is a strong indication that the deviation from the weak coupling value γ = 3 is small, as predicted by Serene and Rainer. 26 The only major deviation is the transverse splay-soliton frequency at high temperatures. It seems very difficult to improve the agreement in this case by any change of the parameters in the theory above. One possibility that remains is that the field is not precisely in the plane of the soliton in the experiments. This would add a small twist component to the splay soliton and thus shift up the frequency. 7 Another possibility is that the inclusion of spin diffusion could shift the calculated resonance frequency.
When comparing the present calculations for splay soliton with previous variational calculations one obtains that the values α = 0.388 and α ⊥ = 0.672 at T c are quite close to the results by Maki and Kumar 7 that are 0.403 and 0.677, respectively.
SOLITON ABSORPTION
Here we calculate the intensity of the principal soliton peak, and analyze absorption at other frequencies. Instead of the relative intensities [(20) and (21)] it is more convenient to use an absorption thickness. For the kth mode it is defined by
where L = dy is the system size. According to the sum rules (22) the absorption thicknesses of all modes sum to the total system size. The absorption thickness in the lowest eigenstate of each soliton is plotted in Fig. 4 . The absorption for the twist soliton can be calculated analytically. Substituting the eigenfunction ψ = c 1 sech µ az into Eqs. (20) and (21) 
Here Γ is the gamma function and
There is absorption at frequencies other than the principal (Fig. 3 ) and bulk (α ,⊥ = 1) frequencies. We have not calculated this part of the spectrum, but we can get an idea of it using the sum rules (22)- (26) . If we assume that besides the bulk and principal soliton peak there would be only one more peak, then we can calculate both the frequency (α * ,⊥ ) and the absorption thickness (s * ,⊥ ) of this peak. These are shown in Fig. 5 . We see that this absorption is clearly smaller than in the principal soliton peak at high temperatures, but the difference gets smaller at low temperatures. The frequency is well above the bulk frequency.
CONCLUSIONS
We have calculated soliton satellite peaks in the NMR spectrum at all temperatures T < T c . The agreement with experiments is very good except a small difference in α splay ⊥ near T c . Unfortunately, there seems to be no experiments on α splay .
